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Abstract

Background: This study was to evaluate and compare the biomechanical features of multilevel lateral lumbar
interbody fusion (LLIF) with or without supplemental instrumentations.

Methods: Six human lumbar specimens were tested under multidirectional nondestructive moments (7.5 N·m),
with a 6 degree-of-freedom spine simulator. The overall and intervertebral range of motion (ROM) were
measured optoelectronically. Each specimen was tested under the following conditions at L2–5 levels: intact;
stand-alone; cage supplemented with lateral plate (LP); cage supplemented with unilateral or bilateral pedicle
screw/rod (UPS or BPS).

Results: Compared with intact condition, the overall and intersegmental ROM were significantly reduced after
multilevel stand-alone LLIF. The ROM was further reduced after using LP instrumentation. In flexion-extension
(FE) and axial rotation (AR), pedicle screw/rod demonstrated greater overall ROM reduction compared to LP
(P < 0.01), and bilateral greater than unilateral (P < 0.01). In lateral bending (LB), BPS demonstrated greater
overall ROM reduction compared to UPS and LP (P < 0.01), however, UPS and LP showed similar reduction
(P = 0.245). Intervertebral ROM reductions showed similar trend as the overall ones after using different types
of instrumentation. However, at L2/3 (P = 0.57) and L3/4 (P = 0.097) levels, the intervertebral ROM reductions in
AR were similar between UPS and LP.

Conclusions: The overall and intervertebral stability increased significantly after multilevel LLIF with or without
supplemental instrumentation. BPS provided the greatest stability, followed by UPS and LP. However, in
clinical practice, less invasive adjunctive fixation methods including UPS and LP may provide sufficient
biomechanical stability for multilevel LLIF.

Keywords: Lateral lumbar interbody fusion, Biomechanics, Range of movement, Stand-alone, Lateral plate,
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Background
Lumbar interbody fusion procedures are usually per-
formed in patients with degenerative lumbar disease
when conservative treatments fail to alleviate pain for
prolonged period. Operative approaches to lumbar
interbody fusion include posterior, transforaminal, an-
terior and more recently lateral transpsoas access [1,
2]. Lateral lumbar interbody fusion (LLIF) is a minim-
ally invasive procedure, which circumvents some of
the challenges and morbidity risks of anterior or pos-
terior lumbar interbody fusion techniques, while af-
fords necessarily indirect decompression for the
treatment of spinal canal stenosis and places inter-
body cage without manipulation of neural structure
[3]. Anterior and posterior annular/ligamentous struc-
tures can be preserved by using lateral approach,
which not only limits extension motion, but tension-
ing of the ligaments and annulus by distraction from
the lateral placed interbody cage provides substantial
initial stability [4]. In addition, compared with anteri-
orly or posteriorly placed cages, lateral approach al-
lows placement of larger size cages for improving
bony fusion and restoring disc and foraminal heights
[5, 6].
Currently, mostly biomechanical studies evaluating lat-

eral interbody fusion were usually focused on one or two
levels [4, 7, 8]. However, for patients with degenerative
spinal scoliosis or multilevel lumbar disease, three or
even more levels LLIF are necessary to effectively correct
spinal deformity and completely decompress neural ele-
ments [9, 10]. Although, laterally placed cage was associ-
ated with superior segmental stability compared with
ALIF and TLIF cages, cage subsidence and interbody
un-union were usually observed in stand-alone LLIF
compared to those with supplemental fixation, especially
in multilevel condition [11–15]. The effect of supple-
mental instrumentation in multilevel LLIF procedure,

such as pedicle screw/rod or lateral plate, on reducing
immediately postoperative range of motion (ROM), was
not elucidated clearly.
The purpose of this cadaveric biomechanical study

was to evaluate biomechanical features of multilevel
LLIF, and compare the stability afforded by different
types of supplemental instrumentations.

Methods
Six fresh-frozen human lumbar spine specimens (T12-
L5) were used in this study (average age 51.7 years,
range 31–68 years; 4 males, 2 females). Anteroposter-
ior and lateral radiographic examinations were per-
formed for the cadaveric specimens to exclude
fracture, deformity, previous spinal surgeries, patho-
logical disease, and other condition that could signifi-
cantly affect biomechanics of spine. And dual-energy
x-ray absorptionmetry scans were performed to quan-
tify the bone mineral density (BMD) of the speci-
mens; the average BMD was 0.935 g/cm2(range 0.736
g/ cm2–1.103 g/ cm2). Before testing, the specimens
were thawed and stripped of the paraspinal muscula-
ture, while the discs, facet joints and osteoligamen-
tous structures were carefully retained.
In preparation for biomechanical testing, the caudal

and cephalad ends of each specimen were rigidly fixed
using high-strengh resin. Each testing was performed on
a custom built 6 degree-of-freedom spine simulator
(Fig. 1). With L3/4 level positioned horizontally, the cau-
dal end of the specimen was rigidly fixed on the appar-
atus, and the cephalad end of the specimen was allowed
free movement. The overall and each ROM were evalu-
ated using an optoelectronic motion analysis system
(Optotrak Certus; Northern Digital Inc., Warterloo, ON,
Canada) with infrared light-emitting diode marker arrays
rigidly fixed to each vertebral level, as previous described
[7]. The specimens with or without supplemented

Fig. 1 a Intact condition of the lumbar spine fixed at a 6 degree-of-freedom spine simulator; b Stand-alone construct: cages were laterally placed
at L2–5 levels without instrumentation; c LP construct: laterally placed cages supplemented with lateral plates at L2–5 levels; d UPS construct:
laterally placed cages supplemented with left side pedicle screw/rod at L2–5 levels; e BPS construct: laterally placed cages supplemented with
bilateral pedicle screw/rod at L2–5 levels
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instrumentation were tested under three loading condi-
tions, including flexion-extension (FE), lateral bending
(LB) and axial rotation (AR). Three loading cycles of 7.5
N·m were applied in each direction for each test condi-
tion, with the final cycle used in data analysis. These test
conditions are consistent with previous literature [16].
The specimens were tested under the following condi-

tion: 1.intact condition; 2.lateral interbody cage alone
(Stand-alone construct); 3.cage supplemented with lat-
eral plate (LP construct); 4.cages supplemented with uni-
lateral pedicle screw/rod (UPS construct); 5.cage
supplemented with bilateral pedicle screw/rod (BPS con-
struct). The specimens were initially tested in intact con-
dition, and baseline kinematic data were recorded. After
evaluation of intact spine condition, subtotal disectomy
was performed from L2 to L5 level for each specimen.
Discectomy include resection of ipisilateral and contra-
lateral annulus, and removal of nucleotomy and cartil-
aginous endplates. Then, interbody cages (Sanyou,
Shanghai) with the largest anteroposterior width of 17-
mm were implanted into L2/3-L4/5 levels of each speci-
men. The lateral and vertical dimensions (45-55 mm in
lateral and 10-15 mm in vertical) of the cages varied de-
pending on the anatomic morphology, which had to
achieve sufficient tension of ligaments and restoration of
disc space height. While, to minimize cage subsidence
and endplate fracture, overstuffing of the disc space
should be avoided. After kinematic data collection for 3
levels stand-alone construct, laterally placed plates and
screws (40 mm in length) were fixed to the three inter-
vertebral levels. After kinematic data collection for LP
construct, the lateral plates were removed. Then, the
specimen was tested with unilateral and bilateral pedicle
screw/rod (45 mm in length). All procedures were per-
formed by a spine surgeon experienced with lateral
interbody fusion technique.

Statistical analysis
Statistical analysis was performed by SPSS software 22.0
(SPSS, Chicago, IL, USA). To mitigate the effect of inter-
specimen variability, normalization to the intact group
was performed by dividing the mean ROM reduction
values of different instrumented constructs with mean
ROM value of the intact group. ROM reductions of dif-
ferent constructs relative to the intact condition were
compared with a two-tailed, paired sample t test. ROM

reduction comparisons between instrumentation con-
structs were compared with one-way analysis of vari-
ance. A significance level of P < 0.05 was set for all tests.

Results
The overall ROM of L2–5 level was calculated by in-
tegration of the intervertebral value (Table 1). In in-
tact condition, the overall ROM was 25.90 ° ± 1.26° in
FE, 22.63 °± 1.66 ° in LB and 22.29 °± 0.94 ° in AR,
respectively. Compared to the intact condition, any
type of instrumentation constructs showed significant
ROM reduction in all motion planes. Stand-alone
construct reduced overall ROM by 54.58% in FE,
53.63% in LB and 31.39% in AR, respectively (P <
0.01). Compared to stand-alone construct, the overall
ROM reduction further increased after LP fixation in
all motion planes (P < 0.01). In FE and AR motion,
pedicle screw/rod construct (bilateral and unilateral)
demonstrated greater overall reduction compared to
LP construct (P < 0.01), bilateral greater than unilat-
eral (P < 0.01). In LB motion, BPS construct demon-
strated greater overall reduction compared to
unilateral (P < 0.01) and LP (P < 0.01) constructs, how-
ever, UPS construct failed to show significant differ-
ence compared to LP construct (P = 0.245).
At L4/5 level, stand-alone construct reduced the ROM

by 53.01% in FE, 51.71% in LB and 32.38% in AR, re-
spectively (Table 2). LP construct reduced the ROM by
70.57% in FE (P < 0.01), 61.78% in LB (P < 0.01) and
47.51% (P < 0.01) in AR, respectively, showed significant
improvement compared to stand-alone construct. In FE
and AR motion, pedicle screw/rod construct showed
greater reduction compared to LP construct (UPS vs LP:
P = 0.018 in FE, P = 0.047 in AR; BPS vs LP: P < 0.01 in
FE and AR), bilateral greater than unilateral (P < 0.01 in
FE, P = 0.02 in AR). In LB motion, BPS construct dem-
onstrated greater reduction compared to UPS (P < 0.01)
and LP construct (P < 0.01). However, UPS construct
failed to demonstrate greater ROM reduction in LB
compared to LP construct (P = 0.24).
At L3/4 level, the ROM of stand-alone construct was

reduced by 55.81% in FE, 54.35% in LB and 29.28% in
AR, respectively, which showed significantly less reduc-
tion than those of LP construct (P < 0.01) (Table 3). In
FE motion, pedicle screw/rod construct demonstrated
more reduction than LP construct (P < 0.01). In LB and

Table 1 The average overall ROM of L2/3 to L4/5 levels

Intact Stand-alone LP UPS BPS

FE 25.90 ° ± 1.26° 11.76 °± 0.62 ° 8.24 °± 0.71 ° 5.93 °± 0.83 ° 3 °± 0.24 °

LB 22.63 °± 1.66 ° 10.49 °± 0.77 ° 7.97 °± 1.23 ° 7.37 °± 0.81 ° a 3.69 °± 0.68 °

AR 22.29 °± 0.94 ° 15.29 °± 0.75 ° 12.04 °± 0.72 ° 9.82 °± 0.30 ° 6.46 °± 0.51 °
a Compared to LP, UPS failed to show significant difference in LB.
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AR motion, BPS demonstrated greater reduction com-
pared with LP construct (P = 0.01 in LB, P < 0.01 in AR),
whereas UPS and LP constructs afforded statistically
equivalent reduction (P = 0.63 in LB, P = 0.1 in AR). BPS
construct reduced the ROM by 89.01% (P < 0.01) in FE,
83.18% (P = 0.028) in LB and 72.93% (P < 0.01) in AR, re-
spectively, which showed significantly greater reduction
compared with UPS construct.
At L2/3 level, the ROM of stand-alone construct was

reduced by 55.07% in FE, 54.91% in LB and 32.60% in
AR, respectively (Table 4). LP construct could signifi-
cantly enhance the stability in all motion planes com-
pared with stand-alone construct (P = 0.04 in FE, P <
0.01 in LB, P < 0.01 in AR). In FE motion, pedicle screw/
rod construct showed greater reduction compared with
LP construct (UPS vs LP:P = 0.025; BPS vs LP:P < 0.01).
In LB and AR motion, BPS showed greater reduction
compared with LP construct (P < 0.01), however, UPS
failed to show significant reduction (P = 0.897 in LB; P =
0.057 in AR). BPS construct reduced the ROM by
88.51% (P = 0.044) in FE, 83.42% (P < 0.01) in LB and
70.79% (P = 0.035) in AR, respectively, which showed
significantly greater reduction compared with UPS
construct.

Discussion
LLIF technique has become an increasingly popular ap-
proach for achieving interbody fusion, allowing place-
ment of large interbody grafts spanning the lateral
borders of dense apophyseal ring bilaterally without dis-
ruption of longitudinal ligaments and posterior elements.
Stand-alone interbody construction comprises a less dis-
ruptive lateral-only procedure and has also been used by
some surgeons. Kretzer et al. [17] reported stand-alone
cage significantly decreased ROM in all motion planes in
a cadaveric study, and the addition of facet screws or
pedicle screws did not show a significant improvement
in stability. In a biomechanical study of L3/4 stand-alone

lateral interbody fusion above a previous L4-S1 postero-
lateral fusion, Chioffe et al. [8] reported that the L3/4
intervertebral ROM was significantly reduced by 50% or
even more in all motion planes relative to intact condi-
tion, and stand-alone LLIF was a biomechanically sound
option in treatment of adjacent segment disease without
necessitating revision. However, biomechanical studies
evaluating multilevel LLIF were particularly limited, with
most studies including one level [7, 18]. When used in
multilevel procedure, whether stand-alone LLIF could
provide similar stability as single level condition was
doubtful. Similar to single level condition, we found
multilevel stand-alone LLIF could significantly reduce
the overall and intersegmental ROM in all motion planes
compared with the intact condition, especially in FE and
LB (> 50%). Castro et al. [12] reported that use of multi-
level stand-alone LLIF for patients with degenerative
scoliosis (35 cases, 107 levels) could achieved reasonable
coronal and sagittal correction, as well as improvements
in pain and function. However, high grade subsidence
was seen in 9 patients, and 3 patients were reoperated
on with pedicle screw supplementation. Watkin et al.
[11] performed 37 levels of stand-alone LLIF in 22 pa-
tients, and reported the non-union incidence was 19%
per level and 27% per patient. The high non-union rate
was concerning for modern spine surgery. Both cage
subsidence and un-union after stand-alone interbody fu-
sion were concerning for modern spine surgery, which
may cause potential risks for reoperation. Inadequate
stabilization after stand-alone LLIF may allow micro-
motion between the graft and endplates resulting cage
subsidence and un-union.
The added instrumentation in LLIF is to further re-

duce motion and increase a construct’s ability to aid in
fusion [19]. The optimal supplemental instrumentation
for LLIF had been evaluated by many prior biomechan-
ical and clinical studies [4, 20, 21]. In a three-
dimensional finite element study of comparing the

Table 2 The average ROM of L4/5 level

Intact Stand-alone LP UPS BPS

FE 9.37 ° ± 0.83° 4.40 ° ±0.39 ° 2.76 °± 0.32 ° 2.17 ° ±0.07 ° 1.15 ° ±0.17 °

LB 7.75 ° ± 0.83° 3.74 °± 0.39 ° 2.96 °± 0.50 ° 2.62 °± 0.41 ° a 1.20 °± 0.33 °

AR 7.53 ° ±1.00 ° 5.09 °± 0.44 ° 3.95 °± 0.89 ° 3.21 °± 0.70 ° 2.31 °± 0.40 °
a Compared to LP, UPS failed to show significant difference in LB.

Table 3 The average ROM of L3/4 level

Intact Stand-alone LP UPS BPS

FE 8.22 ° ± 0.80° 3.63 °± 0.64 ° 2.68 °± 0.30 ° 1.93 °± 0.23 ° 0.90 °± 0.17 °

LB 7.30 ° ± 1.67° 3.33 °± 0.38 ° 2.44 °± 0.55 ° 2.22 °± 0.21 ° a 1.23 °± 0.47 °

AR 7.63 ° ±0.60 ° 5.40 °± 0.77 ° 4.40 °± 0.54 ° 3.66 °± 0.47 ° a 2.07 °± 0.42 °
a Compared to LP, UPS failed to show significant difference in LB and AR
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kinematic stability afforded by stand-alone cages with
those supplemented by lateral plate as well as unilateral
or bilateral pedicle screw/rod in a multilevel LLIF con-
struct with simulated osteoporosis, the authors reported
stand-alone cage (10–75.1% ROM reduction) and lateral
plate (23.9–86.2% ROM reduction) provided inadequate
ROM restriction for the multilevel LLIF constructs,
whereas lateral cage with BPS (66.7–90.9% ROM reduc-
tion) or UPS (45.0–88.3% ROM reduction) fixation pro-
vided favorable biomechanical stability [13]. Nayak et al.
[7] compared the acute biomechanically stabilizing ef-
fects of the two-hole lateral plate and BPS constructs in
lumbar spine instrumented with lateral cage at L3/4 and
L4/5 levels. The ROM at L3/4 level was reduced by
82.6% in FE, 89.8% in LB, and 53.4% in AR for BPS con-
struct, compared with 52.3, 71 and 45.3% for LP con-
struct, respectively. The ROM at L4/5 level was reduced
by 88.9% in FE, 93.2%% in LB, and 69.8% in AR for BPS
construct, compared with 47.1, 64.5 and 50.4% for LP
construct, respectively. Each intervertebral ROM at the
instrumented level was significantly reduced in any mo-
tion planes relative to the intact condition, and BPS con-
struct afforded the greatest ROM reduction.
In this multilevel lateral biomechanical study, each

type of instrumentation constructs could effectively en-
hance the overall and intervertebral stability in all load-
ing modes compared with the stand-alone construct.
Among all types of instrumentation constructs, BPS con-
struct provided the greatest overall and intervertebral
ROM reduction, followed by UPS, as well as LP. While,
the overall or each intervertebral lateral motion reduc-
tion (> 60%) was statistical comparable between LP and
UPS constructs. Cappuccino et al. [4] reported that LP
construct could reduce lateral motion more than 80%,
which showed no significance compared with BPS con-
struct. Fogel et al. [22] also reported addition of a lateral
plate to the interbody cage could significantly decrease
the ROM in LB, and demonstrated no significance com-
pared with BPS construct. These results demonstrated
LP instrumentation could effectively reduce lateral mo-
tion in LLIF procedure. There is controversy regarding
the effect of LP on AR reduction. Comparable AR reduc-
tion between LP and BPS constructs was reported by
Nayak et al. [7]. In the study of Cappuccino et al. [4],
ROM reduction in AR was not significantly different be-
tween UPS and LP constructs, whereas BPS construct

exhibited significantly greater ROM reduction than LP
and UPS construct. In our study, there was comparable
ROM reduction in AR at L2/3 and L3/4 levels between
LP and UPS constructs, however, UPS construct exhib-
ited significantly greater overall and L4/5 intersegmental
ROM reduction than LP construct. This discrepancy
may arise from different testing methodology, measuring
device, instrumentation and cadaver specimens.
In clinical practice, both minimal tissue damage and

sufficient stability are important factors for optimal post-
operative results. BPS instrumentation provided the
greatest stability in any motion plane, however, the tis-
sue damage caused was also the largest. Katz et al. [9]
performed LLIF with posterior instrumentation to treat
3 or even more contiguous levels of degenerative lumbar
scoliosis. During a period of 22.5 months follow-up, the
patients showed significant clinical and radiographic im-
provement, however 37% patients experienced complica-
tions, which was significantly correlated with open-
posterior portion rather than the number of LLIF levels
treated. Wen et al. [23] evaluated the outcomes of per-
cutaneous UPS and BPS fixations after single-level ob-
lique lateral interbody fusion procedures (OLIF). Their
study showed OLIF with UPS fixation resulted in less
blood loss and operative time, while, had comparable ef-
fects on radiological and clinical outcomes to that of
BPS fixation. In a study of using OLIF combined with
anterolateral screw fixation for the treatment of lumbar
degenerative disc disease, the incidence of cage subsid-
ence was only 7.7%, and no revision was performed due
to biomechanical failure [24]. The authors reported it
was a relatively safe and effective surgical option for
lumbar degenerative disc disease. Dakwar et al. [25] also
reported the treatment strategy of lateral plate combined
with multilevel lateral interbody fusion for adult degen-
erative scoliosis was associated with minimal invasive-
ness and excellent biomechanical stability. Because of
the inherent stability of lateral implanted large sized cage
and minimal disruption of stabilizing ligaments, less in-
vasive adjunctive fixation methods including UPS and
LP may allowed to use in multilevel LLIF, even which af-
ford less biomechanical stability compared with BPS.
This study had several potential limitations. The group

in this study was a small sample size, limiting its statis-
tical power. Simplified loading was applied to be repeat-
able between specimens and independent of specimen

Table 4 The average ROM of L2/3 level

Intact Stand-alone LP UPS BPS

FE 8.31 ° ± 0.65° 3.74 °± 0.43 ° 2.81 °± 0.91 ° 1.83 °± 0.67 ° 0.96 °± 0.16 °

LB 7.58 ° ± 0.68° 3.42 °± 0.48 ° 2.57 °± 0.54 ° 2.52 °± 0.49 ° a 1.26 °± 0.18 °

AR 7.14 ° ±0.84 ° 4.81 °± 0.70 ° 3.69 °± 0.86 ° 2.95 °± 0.54 ° a 2.09 °± 0.40 °
a Compared to LP, UPS failed to show significant difference in LB and AR
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size. Standardly sized pedicle screw and lateral screw
were used in each level and each specimen in this study.
Furthermore, the results reported in this study described
the immediately postoperative stability of different types
of constructs, which could not truly reflect biological
changes occurring in vivo. Finally, all musculature was
removed from the specimen, hence, the influence of
paraspinal muscle on construct was neglected during
biomechanical analysis.

Conclusions
In conclusion, the results of this biomechanical study in-
dicated stand-alone, LP, UPS or BPS constructs could
significantly reduce the overall and intervertebral ROM
after multilevel LLIF. BPS provided the greatest stability,
followed by UPS and LP constructs. In clinical practice,
less invasive adjunctive fixation methods including UPS
and LP may provide sufficient biomechanical stability for
multilevel LLIF, even which afford less biomechanical
stability compared with BPS.

Acknowledgements
Not applicable.

Authors’ contributions
OL performed the biomechanical test, collected and analyzed the data, and
draft the manuscript. YC performed the biomechanical test, collected and
analyzed the data. QC generated the idea and modified the manuscript. YH
and WM provided suggestion and comments for the study. The author(s)
read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study was conducted in accordance with the Declaration of Helsinki
and with approval from the Ethics Committee of Ningbo No.6 Hospital
(Ethics Approval Number L2020024).
Informed consent was obtained from the individual who had donated their
body or their next of kin.

Consent for publication
Informed written consent was provided by every participant.

Competing interests
The authors declare that they have no conflict of interest.

Author details
1Department of Spine Surgery, Second Affiliated Hospital, Zhejiang University
School of Medicine, Hangzhou 310009, People’s Republic of China.
2Department of Spine Surgery, Ningbo No.6 Hospital, Ningbo 315040,
People’s Republic of China.

Received: 21 November 2020 Accepted: 8 March 2021

References
1. De Kunder SL, Van Kuijk SM, Rijkers K, Caelers IJ, Van Hemert WL, De Bie RA,

et al. Transforaminal lumbar interbody fusion (TLIF) versus posterior lumbar

interbody fusion (PLIF) in lumbar spondylolisthesis: a systematic review and
meta-analysis. Spine J. 2017;17(11):1712–21. https://doi.org/10.1016/j.
spinee.2017.06.018.

2. Shah M, Kolb B, Yilmaz E, Halalmeh DR, Moisi MD. Comparison of lumbar
laminectomy alone, lumbar laminectomy and fusion, stand-alone anterior
lumbar interbody fusion, and stand-alone lateral lumbar interbody fusion
for treatment of lumbar spinal stenosis: a review of the literature. Cureus.
2019;11(9):e5691.

3. Nakashima H, Kanemura T, Satake K, Ito K, Ishikawa Y, Ouchida J, Segi N,
Yamaguchi H, Imagama S. Indirect decompression using lateral lumbar
Interbody fusion for restenosis after an initial decompression surgery. Asian
Spine J. 2020;14(3):305–11. https://doi.org/10.31616/asj.2019.0194.

4. Cappuccino A, Cornwall G, Turner A, Fogel G, Duong H, Kim K, et al.
Biomechanical analysis and review of lateral lumbar fusion constructs. Spine.
2010;35(Supplement):S361–7. https://doi.org/10.1097/BRS.0b013e3182023
08b.

5. Marchi L, Abdala N, Oliveira L, Amaral R, Coutinho E, Pimenta L.
Radiographic and clinical evaluation of cage subsidence after stand-alone
lateral interbody fusion. J Neurosurg Spine. 2013;19(1):110–8. https://doi.
org/10.3171/2013.4.SPINE12319.

6. Lang G, Navarro-Ramirez R, Gandevia L, Hussain I, Nakhla J, Zubkov M, Härtl
R. Elimination of subsidence with 26-mm-wide cages in extreme lateral
Interbody fusion. World Neurosurg. 2017;104:644–52. https://doi.org/10.101
6/j.wneu.2017.05.035.

7. Nayak A, Gutierrez S, Billys J, Santoni B, Castellvi A. Biomechanics of lateral
plate and pedicle screw constructs in lumbar spines instrumented at two
levels with laterally placed interbody cages. Spine J. 2013;13(10):1331–8.
https://doi.org/10.1016/j.spinee.2013.03.048.

8. Chioffe M, McCarthy M, Swiatek P, Maslak J, Voronov L, Havey R, Muriuki M,
Patwardhan A, Patel AA. Biomechanical analysis of stand-alone lateral
lumbar Interbody fusion for lumbar adjacent segment disease. Cureus. 2019;
11(11):e6208. https://doi.org/10.7759/cureus.6208.

9. Katz A, Singh H, Greenwood M, Cote M, Moss I. Clinical and radiographic
evaluation of multilevel lateral lumbar interbody fusion in adult
degenerative scoliosis. Clin Spine Surg. 2019;32(8):E386–E96. https://doi.
org/10.1097/BSD.0000000000000812.

10. Paterakis K, Brotis A, Paschalis A, Tzannis A, Fountas K. Extreme lateral
lumbar interbody fusion (XLIF) in the management of degenerative
scoliosis: a retrospective case series. J Spine Surg (Hong Kong). 2018;4(3):
610–5. https://doi.org/10.21037/jss.2018.07.11.

11. Watkins R, Watkins R 3rd, Hanna R. Non-union rate with stand-alone lateral
lumbar interbody fusion. Medicine (Baltimore). 2014;93(29):e275. https://doi.
org/10.1097/MD.0000000000000275.

12. Castro C, Oliveira L, Amaral R, Marchi L, Pimenta L. Is the lateral transpsoas
approach feasible for the treatment of adult degenerative scoliosis? Clin
Orthop Relat Res. 2014;472(6):1776–83. https://doi.org/10.1007/s11999-
013-3263-5.

13. Liu X, Ma J, Park P, Huang X, Xie N, Ye X. Biomechanical comparison of
multilevel lateral interbody fusion with and without supplementary
instrumentation: a three-dimensional finite element study. BMC Musculoskelet
Disord. 2017;18(1):63. https://doi.org/10.1186/s12891-017-1387-6.

14. Nemani V, Aichmair A, Taher F, Lebl D, Hughes A, Sama A, et al. Rate of
revision surgery after stand-alone lateral lumbar interbody fusion for lumbar
spinal stenosis. Spine. 2014;39(5):E326–31. https://doi.org/10.1097/BRS.
0000000000000141.

15. Nomoto E, Fogel G, Rasouli A, Bundy J, Turner A. Biomechanical analysis of
cortical versus pedicle screw fixation stability in TLIF, PLIF, and XLIF
applications. Global Spine J. 2019;9(2):162–8. https://doi.org/10.1177/2192
568218779991.

16. Wilke HJ, Wenger K, Claes L. Testing criteria for spinal implants:
recommendations for the standardization of in vitro stability testing of
spinal implants. Eur Spine J. 1998;7(2):148–54. https://doi.org/10.1007/
s005860050045.

17. Kretzer RM, Molina C, Hu N, Umekoji H, Baaj AA, Serhan H, Cunningham BW.
A comparative biomechanical analysis of stand alone versus facet screw
and pedicle screw augmented lateral interbody arthrodesis: an in vitro
human cadaveric model. Clin Spine Surg. 2016;29(7):E336–43. https://doi.
org/10.1097/BSD.0b013e3182868ef9.

18. Yuan W, Kaliya-Perumal AK, Chou SM, Oh JY. Does lumbar Interbody cage
size influence subsidence? A biomechanical study. Spine (Phila Pa 1976).
2020;45(2):88–95. https://doi.org/10.1097/BRS.0000000000003194.

Lai et al. BMC Musculoskeletal Disorders          (2021) 22:280 Page 6 of 7

https://doi.org/10.1016/j.spinee.2017.06.018
https://doi.org/10.1016/j.spinee.2017.06.018
https://doi.org/10.31616/asj.2019.0194
https://doi.org/10.1097/BRS.0b013e318202308b
https://doi.org/10.1097/BRS.0b013e318202308b
https://doi.org/10.3171/2013.4.SPINE12319
https://doi.org/10.3171/2013.4.SPINE12319
https://doi.org/10.1016/j.wneu.2017.05.035
https://doi.org/10.1016/j.wneu.2017.05.035
https://doi.org/10.1016/j.spinee.2013.03.048
https://doi.org/10.7759/cureus.6208
https://doi.org/10.1097/BSD.0000000000000812
https://doi.org/10.1097/BSD.0000000000000812
https://doi.org/10.21037/jss.2018.07.11
https://doi.org/10.1097/MD.0000000000000275
https://doi.org/10.1097/MD.0000000000000275
https://doi.org/10.1007/s11999-013-3263-5
https://doi.org/10.1007/s11999-013-3263-5
https://doi.org/10.1186/s12891-017-1387-6
https://doi.org/10.1097/BRS.0000000000000141
https://doi.org/10.1097/BRS.0000000000000141
https://doi.org/10.1177/2192568218779991
https://doi.org/10.1177/2192568218779991
https://doi.org/10.1007/s005860050045
https://doi.org/10.1007/s005860050045
https://doi.org/10.1097/BSD.0b013e3182868ef9
https://doi.org/10.1097/BSD.0b013e3182868ef9
https://doi.org/10.1097/BRS.0000000000003194


19. Chin K, Newcomb A, Reis M, Reyes P, Hickam G, Gabriel J, et al.
Biomechanics of posterior instrumentation in L1-L3 lateral interbody fusion:
Pedicle screw rod construct vs. transfacet pedicle screws. Clin Biomech
(Bristol, Avon). 2016;31:59–64.

20. Shasti M, Koenig SJ, Brown L, Jazini E, Banagan KE, Koh EY, Gelb DE, Ludwig
SC. Biomechanical evaluation of lumbar lateral interbody fusion for the
treatment of adjacent segment disease. Spine J. 2017;17(10):S181. https://
doi.org/10.1016/j.spinee.2017.08.014.

21. Fukushima M, Oshima Y, Yuzawa Y, Tanaka S, Inanami H. Clinical and
radiographic analysis of unilateral versus bilateral instrumented one-level
lateral lumbar interbody fusion. Sci Rep. 2020;10(1):3105. https://doi.org/10.1
038/s41598-020-59706-9.

22. Fogel GR, Parikh RD, Ryu SI, Turner AW. Biomechanics of lateral lumbar
interbody fusion constructs with lateral and posterior plate fixation:
laboratory investigation. J Neurosurg Spine. 2014;20(3):291–7. https://doi.
org/10.3171/2013.11.SPINE13617.

23. Wen J, Shi C, Yu L, Wang S, Xi Y, Ye X. Unilateral versus bilateral percutaneous
pedicle screw fixation in oblique lumbar Interbody fusion. World Neurosurg.
2020;134:e920–e7. https://doi.org/10.1016/j.wneu.2019.11.035.

24. Xie T, Wang C, Yang Z, Xiu P, Yang X, Wang X, Wang D, Song Y, Zeng J.
Minimally invasive oblique lateral lumbar interbody fusion combined with
anterolateral screw fixation for lumbar degenerative disc disease. World
Neurosurg. 2020;135:e671–e8. https://doi.org/10.1016/j.wneu.2019.12.105.

25. Dakwar E, Cardona R, Smith D, Uribe J. Early outcomes and safety of the
minimally invasive, lateral retroperitoneal transpsoas approach for adult
degenerative scoliosis. Neurosurg Focus. 2010;28(3):E8. https://doi.org/10.31
71/2010.1.FOCUS09282.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Lai et al. BMC Musculoskeletal Disorders          (2021) 22:280 Page 7 of 7

https://doi.org/10.1016/j.spinee.2017.08.014
https://doi.org/10.1016/j.spinee.2017.08.014
https://doi.org/10.1038/s41598-020-59706-9
https://doi.org/10.1038/s41598-020-59706-9
https://doi.org/10.3171/2013.11.SPINE13617
https://doi.org/10.3171/2013.11.SPINE13617
https://doi.org/10.1016/j.wneu.2019.11.035
https://doi.org/10.1016/j.wneu.2019.12.105
https://doi.org/10.3171/2010.1.FOCUS09282
https://doi.org/10.3171/2010.1.FOCUS09282

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Statistical analysis

	Results
	Discussion
	Conclusions

	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

